INTRODUCTION
The majority of P in corn-soy diets is present in the form of phytate (myo-inositol hexakis phosphate, IP 6 ), which, due to its poor solubility in the small intestine, is poorly absorbed by broilers. At the pH in the small intestine of poultry, IP 6 carries a strong negative charge and is a potent mineral chelator forming insoluble salts with minerals such as Zn, Cu, Ni, Co, Mn, Fe, and Ca (Angel et al., 2002; Cowieson et al., 2006) . More recently, IP 6 has been implicated to reduce the digestibility of energy and protein (Cowieson et al., 2006; Cowieson and Bedford, 2009 ). Addition of exogenous phytases to poultry diets has been shown to increase phyate-P retention, thereby reducing the need for expensive inorganic-P sources, as well as improving the availability of minerals, energy, and protein. However, both endogenous and exogenous phytase efficacies in the small intestine of broilers are hindered by high concentrations of dietary Ca typically used in poultry diets (Wilkinson et al., 2011) .
Broiler diets are typically formulated to contain between 8.0 and 10.0 g/kg total Ca. However, studies have shown that at these concentrations, Ca can negatively influence bird performance and P digestibility even when low levels of phytate-P are used (Driver et al., 2005) . Tamim et al. (2004) reported a 44% reduction in phytate-P disappearance when birds were fed corn-soy diets with 5.0 g/kg added Ca compared with birds fed diets with no additional Ca. Conversely, it has been suggested that bone pathology in broilers is optimized when diets contain between 10 and 13 g/kg of Ca (Williams et al., 2000) . Therefore, decreasing the amount of Ca in broiler diets may improve performance and nutrient availability; however, this should not be at the expense of increased leg problems.
Poultry have been shown to possess appetites for Ca (Wood-Gush and Kare, 1966; Joshua and Mueller, 1979) , lysine (Newman and Sands 1983) , methionine (Steinruck et al., 1990) , total protein (Forbes and and Ca concentration on the Ca appetite in broilers was evaluated. A total of 288 one-day-old male Ross 308 broilers were fed a commercial diet for 7 d then randomly allocated to 1 of 8 dietary treatments for a 28-d study. Diets were corn-soybean meal based and formulated to be nutritionally adequate except for nPP and Ca. Two concentrations of Ca (5.0 and 10.0 g/ kg) and 4 of nPP (2.5, 3.5, 4.5, and 5.5 g/kg) were used, and all birds had access to a separate Ca source (CaCO 3 ). Bird performance, nutrient digestibility, and tibia ash were determined. Birds fed 5.0 g of Ca/kg diets consumed more (P < 0.01) of the separate Ca source than birds fed diets containing 10.0 g of Ca/kg. Increased consumption (P < 0.01) of the separate Ca source was associated with increasing nPP concentration. Bird performance was not influenced by dietary treatment. Birds fed 5.5 g of nPP/kg diets had lower (P < 0.01) digestibility of DM, CP, and energy than the other groups. Phosphorus digestibility was reduced in birds fed high Ca diets and those fed 2.5 g of nPP/kg diets (P < 0.001). Birds fed 2.5 g of nPP/kg had lower tibia ash values than those fed higher concentrations of nPP while feeding diets containing 10.0 g of Ca/ kg led to higher concentrations (P < 0.05) of tibia ash than for birds fed 5.0 g of Ca/kg. This study confirms previous findings that birds are able to meet their Ca requirement when fed Ca separately from the mixed ration. Consumption of the separate Ca source responded to not only Ca concentration but also to the amount of nPP in the diet. These data suggest that dietary nPP concentration influences the Ca specific appetite of broilers, and this may indicate that birds attempt to regulate their intake of Ca relative to nPP. This may be mediated via a physiological mechanism to maintain an appropriate Ca:nPP intake.
Shariatmadari, 1994), and selenium (Zuberbuehler et al., 2002) . Given the choice, poultry are able to self-select a balanced diet from different and complementary sources to meet their nutrient requirements. Recently, Wilkinson et al., (2013) demonstrated that contemporary broilers were able to broadly meet their Ca requirement when fed diets with as little as 0.25% Ca and a concurrent source of Ca. Coupled with this result were improved performance and increased apparent digestibility of DM, amino acids, and minerals, suggesting that this Ca-specific appetite may be able to be commercially exploited to enhance performance and possibly welfare of broilers. The present study was designed to investigate the hypothesis that dietary nonphytate P (nPP) concentration may influence the Ca specific appetite of broilers. An experiment was conducted to determine whether birds would be able to meet their Ca requirement by consuming a separate Ca source while being fed diets with different nPP concentrations.
MATERIALS AND METHODS

Birds and Housing
All experimental procedures conducted in this study were in accordance with the University of Sydney Animal Ethics Committee and with the Australian code for the care and use of animals for scientific purposes (National Health and Medical Research Council, 2004) .
A total of 288 one-day-old Ross 308 male broilers were obtained from a commercial hatchery (Baiada Poultry Pty Ltd., Marsden Park, NSW, Australia) and randomly allocated to 1 of 48 metabolism cages. Broilers were kept at a temperature of 31°C for d 1 to 4 and thereafter this was reduced by 0.5°C/d until 24°C was reached. The lighting regimen for the study consisted of 23L:1D for the first 4 d and then 18L:6D for the remainder of the experiment.
Diets and Experimental Procedures
Birds were fed a commercial broiler starter crumble diet for the first 7 d, which provided 11.8 MJ of AME/ kg, 228 g of CP/kg, 8.8 g of Ca/kg, and 4.4 g of nPP/ kg (Vella Stock Feeds, Plumpton, NSW, Australia). On d 7, birds were individually weighed, wing tagged, and randomly assigned to experimental treatments. Diets were corn-soybean meal based, steam pelleted at 75°C, and formulated to provide adequate nutrients with the exception of Ca and nPP (Table 1) . Two concentrations of Ca (5.0 and 10.0 g/kg) and 4 nPP concentrations (2.5, 3.5, 4.5, and 5.5 g/kg) were used in a 2 × 4 factorial arrangement. Each treatment was replicated 6 times with 6 birds per replicate cage. All birds were provided with free access to water and the mixed ration. From d 7, birds were provided with free access to the separate Ca source (95% CaCO 3 , average particle size 1.4 mm, SelGrit, BA, Omya Australia Pty Ltd., Lindfield, NSW, Australia) in a second feeder. The separate Ca source feeder was located within cages, and quantities were maintained in excess of consumption and to provide access at all times. It should be noted that no excess Ca was routinely found in the trays beneath the cages and that the reported values are a reflection of the Ca source consumed and not wasted.
Feed intake (FI) and the consumption of the separate Ca source were recorded daily and BW weekly. To assess mobility of birds, on d 34 four randomly selected birds per replicate were assessed for their latency to lie according to the modified methods of Berg and Sanotra (2003) . Briefly, birds were removed from their cage and placed standing in plastic tubs (51.5 × 35 × 33 cm, length × width × height) filled with approximately 3 cm of tepid water. Upon placement into the water, birds were timed until their first attempt to sit. Timing was halted at 5 min if no previous attempt to sit was made by the bird. At d 35, birds were weighed and then euthanized via an intravenous injection of sodium pentobarbitone (Lethabarb, Virbac Australia Pty Ltd., Milperra, NSW, Australia). The entire contents of the lower ileum were collected by gently massaging from the Meckel's diverticulum to approximately 2 cm cranial to the ileo-cecal junction (Ravindran et al., 2005) . Samples from birds were pooled for each cage and immediately frozen and stored at −20°C until further analysis.
Chemical Analyses
The ileal digesta samples were lyophilized and all samples were ground (Retsch ZM 100, Retsch GmbH, Haan, Germany) to pass through a 0.5-mm screen before chemical analyses. The gross energy and N contents of diets and ileal digesta were determined. The diets and digesta were also analyzed for Ca and P. The gross energy of diets and excreta were determined using a Parr 1281 adiabatic bomb calorimeter (Parr Instrument Company, Moline, IL) that was standardized with benzoic acid. Nitrogen concentration of samples was determined by the Dumas method using a FP-428 nitrogen analyzer (Leco Corporation, St. Joseph, MI) as described by Sweeney (1989) . Samples were wet acid digested using nitric acid and hydrogen peroxide (Peters et al., 2003) before the determination of mineral concentration by inductively coupled plasma-optical emission spectroscopy using a Perkin Elmer OPTIMA 7300 (Perkin Elmer Inc., Waltham, MA). The acid insoluble ash component of dried diets and ileal digesta samples were determined according to the method of Siriwan et al., (1993) . The apparent ileal digestibility (AID) coefficients of CP and minerals were calculated as described by Ravindran et al. (2001) . The proportion of ash from the left tibias was determined as described by Garcia and Dale (2006) . Whole tibias were removed from adhering tissue, dried to a constant weight in a drying oven at 105°C, and ashed in a muffle furnace at 600°C for 12 h.
Statistical Analysis
Data were analyzed using the full factorial model in JMP 8.0 (SAS Institute Inc., Cary, NC). Pen was the experimental unit with all results expressed as treatment means and statistical significance defined as P < 0.05 and trends considered at P < 0.10. If significance was determined, comparison between all pairs was performed using a Tukey-Kramer honestly significant difference test. Latency to lie data were analyzed in GenStat (14th edition, VSN International, Hemel Hempstead, UK) using the proportional hazards survival analysis with the reference level set using the diet containing 10.0 g of total Ca/kg and 4.5 g of nPP/kg.
RESULTS
The composition of experimental diets and determined composition are shown in Table 2 . Birds were healthy throughout the study. Bird performance over the 28-d feeding study is shown in Table 3 . There was no effect of diet on FI from d 7 to 14 (data not shown). However, during d 14 to 21 and d 21 to 28 there was a main effect of dietary nPP where groups fed 3.5 and 5.5 g/kg diets consumed more feed than those fed 2.5 and 4.5 g of nPP/kg diets. This result was not observed during d 28 to 35 where no effect of diet was observed. Total FI increased (P < 0.05) with increasing dietary nPP except at 4.5 g of nPP/kg but not total Ca. Birds fed diets with 3.5 g of nPP/kg consumed significantly more feed compared with birds fed diets containing 2.5 or 4.5 g of nPP/kg, whereas birds fed 2.5 g/kg consumed less (P < 0.05) feed than those fed diets formulated with 3.5 and 5.5 g/kg.
Body weight gain was not influenced by diet during d 7 to 14. However, groups fed 5.5 g of nPP/kg diets gained more in BW than those fed 4.5 and 2.5 g/kg (d 14 to 21), whereas 3.5 g of nPP/kg groups gained more (d 21 to 28) than those fed 2.5 and 4.5 g/kg diets. No effects in the final week of the study were observed. Overall, final BW and total BW gain were not affected by dietary treatment. However, there was a trend for decreased (P < 0.10) BW gain associated with feeding birds diets with higher Ca concentrations.
An interaction between dietary Ca and nPP led to birds fed 4.5 g of nPP/kg and 10 g of Ca/kg having significantly poorer (P < 0.05) feed conversion during d 7 to 14 compared with all the other groups with the exception of birds fed 4.5 g of nPP/kg and 5.0 g of Ca/kg. No other differences for feed conversion were found for the remainder of the study. Main effects of Ca and nPP were reported for the proportion of tibia ash, which was increased (P < 0.05) with higher dietary Ca concentration but was decreased (P < 0.05) when birds were fed 2.5 g of nPP/kg. Feeding birds diets with 3.5 g of nPP/kg led to a 7% increase in the proportion of tibia ash relative to birds fed 2.5 g of nPP/kg. Compared with the reference diet (10.0 g of Ca/kg and 4.5 g of nPP/kg), birds fed 10.0 g of Ca/kg and 2.5 g of nPP/kg stood for significantly longer (P < 0.05) during the test. Birds fed 5.0 g of Ca/kg and 2.5 g of nPP/ kg stood for a significantly shorter (P < 0.05) period than birds from the reference group. All other groups had numerically shorter standing times than the reference diet.
The influence of dietary Ca and nPP concentrations on the consumption of the separate Ca source for the experimental period (d 7 to 35) are presented in Table  4 . A main effect of Ca (P < 0.01) concentration was found for the intake of the separate Ca source with birds fed 5.0 g of Ca/kg diets consuming approximately 21% more of the separate Ca source than those fed 10.0 g of Ca/kg diets. Generally there was an increase in consumption of the separate Ca source associated with increasing dietary nPP concentration, with birds fed 2.5 g of nPP/kg eating significantly less (P < 0.05) of the separate Ca source than birds fed either 3.5 or 5.5 g of nPP/kg diets. Calcium consumption as a proportion of total intake was 9.0 and 13.4 g/kg in birds fed 5.0 g and 10.0 g of Ca/kg diets, respectively (P < 0.001). Increased Ca consumption (diet plus separate Ca source) was found in birds fed higher nPP diets (P < 0.01).
No differences in the consumption of the separate Ca source were observed during the first 2 wk of the study (Figure 1 ). However, birds fed 10.0 g of Ca/kg diets consumed less of the separate Ca source during the subsequent 2 wk (d 21 to 35), which was in contrast to birds fed 5.0 g of Ca/kg diets who consumed more of the separate Ca source as time progressed (Figure 1) . The proportion of the diet consumed as total Ca over time is shown in Figure 2 . Birds fed 10.0 g/kg diets consumed significantly more (P < 0.05) Ca as a proportion of the diet at each time point, equating to 18.0 g of Ca/ kg during the first 7 d of the experiment and decreasing over time to approximately 12.0 g/kg during the final 7
d. This is in contrast to birds fed 5.0 g/kg diets, which consumed 12.4 g/kg during the first week and 8.4 g/kg during the last week of the study. The effects of Ca concentration and nPP on the AID of DM, CP, and energy are summarized in Table 5 . Calcium concentration had no effect on these digest- ibility metrics. Birds fed diets with 5.5 g of nPP/kg had decreased (all P < 0.05) AID of DM, CP, and energy compared with birds fed diets with lower concentrations of nPP.
The influence of dietary Ca and nPP concentrations on the AID of Ca and P is shown in Table 5 . The apparent ileal digestibility of P was reduced with increasing dietary Ca concentration (P < 0.001). Phosphorus digestibility was negatively influenced by feeding diets with 2.5 g of nPP/kg compared with diets with higher nPP (P < 0.05).
DISCUSSION
The antinutritive effects of phytate for poultry have been well established as have the additive and interactive effects of high dietary Ca concentrations on phytate hydrolysis and appar- ent nutrient digestibility (Tamim et al., 2004; Selle et al., 2009) . Despite Ca having a relatively lower affinity with phytate than other minerals, due to the high concentrations of Ca used in poultry diets, Ca plays the most defining role in the formation of phytate-mineral complexes (Angel et al., 2002) . High concentrations of Ca in poultry diets have been shown to increase the pH of the gizzard (Guinotte et al., 1995) and digesta of birds (Shafey, 1999) . Therefore, reducing dietary Ca may increase nutrient digestibility of poultry diets by decreasing the intestinal pH as well as the formation of Ca-phosphate precipitates and improving pepsin efficacy (Selle et al., 2009; Walk et al., 2012) . Wilkinson et al. (2013) demonstrated that broilers fed diets with reduced Ca concentrations were able to broadly meet their Ca requirement via the consumption of a separate Ca source. However, the influence of nPP on the Ca-specific appetite of broilers and their ability to meet their Ca requirement through the consumption of a separate Ca source has not previously been reported. Birds fed diets with 5.5 g of nPP/kg consumed more (approximately 37%) of the separate Ca source than birds fed 2.5 g of nPP/kg, indicating that birds were not only responding to dietary Ca concentration but also to the amount of nPP in the mixed ration.
It is possible that birds increased their consumption of the separate Ca source as dietary nPP concentration increased so as to avoid narrow Ca:nPP ratios. All groups of birds increased their dietary ratio of Ca:nPP above the formulated values. However, birds fed the narrowest Ca:nPP ratio of 0.91 (5 g of Ca/kg and 5.5 g of nPP/kg diet) doubled this ratio to be approximately 1.8 through the consumption of the separate Ca source. The absorption of Ca from the diet is a combination of active, vitamin D dependent, absorption as well as passive absorption that is influenced by the concentration gradient between the intestinal lumen and blood (Bronner and Pansu, 1999) . Phosphorus absorption from the intestine is less regulated and is a linear function of intake (Wilkinson, 1976) . Plasma Ca concentration is normally maintained within narrow limits by hormonal regulation (intestine, kidneys, and bone), whereas P concentration depends on renal function and is less rigorously controlled than Ca (Sie et al., 1974) . Studies in rats have shown that excess P intake leads to a decrease in FI, Ca absorption, and plasma Ca concentration (Sie et al., 1974) . Rats also show a preference to reduce excessive P intake when provided choice, allegedly to avoid a narrow Ca:nPP ratio (Siu et al., 1981) . These same authors suggested that the feedback regulation of P intake in rats is mediated by shifts in plasma Ca homeostasis and that this is more influential than plasma P concentration per se. In the current study, it is possible that parathyroid hormone production may have been influenced by feeding birds different Ca:nPP diets (Koch et al., 1984) , leading to increased urinary excretion of P (Masuyama et al., 2003) . Because only ileal digestibility metrics were measured in this study, any changes in P urinary excretion may have been missed.
In the present study, birds fed diets with lower Ca concentrations consumed 29% more of the separate Ca source during the 28-d period than those fed high Ca diets. This result is in agreement with our previous findings (Wilkinson et al., 2013) as well as those of earlier reports where birds fed Ca-deficient diets consumed more of a separate Ca source than those fed adequate diets (Hughes and Woodgush, 1971; Joshua and Mueller, 1979) . Importantly, this current study confirms that a Ca specific appetite is also present in Ross 308 birds and complements the findings of our previous work using Cobb 500 broilers.
The mechanisms that modulate the Ca-specific appetite remain unclear. Animals are thought to respond to excesses, deficits, or imbalances of nutrients (Villalba et al., 2006) . Birds have been shown to possess Ca sensors (T1R3 and Ca sensing receptor), but it is yet to be determined whether they mediate Ca appetite or taste (Tordoff et al., 2008; Roura et al., 2013) . The intake pattern of the separate Ca source in broilers may be indicative of an adaptation period in which birds ascribe relevant nutrient values to the different feed sources on offer. Rose and Kyriazakis (1991) suggest that adaptation to choice feeding may be influenced by the period necessary for the individual to associate the organoleptic properties of the different feeds with their nutritional consequences. Delezie et al. (2009) showed that broilers were able to adapt to choice feeding when fed low protein diets in combination with a separate protein source from as early as 1 d old. In the present study, it would appear broilers are also able to broadly adapt to the separate feeding of Ca within a short period.
Although diets were formulated to be notionally sufficient in Ca to meet requirement (10.0 g of Ca/kg), birds still consumed more of the separate Ca source to elevate them above the recommended Ca intake (NRC, 1994) . However, after reviewing the pattern of consumption of the separate Ca source over time, differences between the 2 Ca groups were apparent. During the first 14 d, birds fed high or low Ca diets consumed equal quantities of the separate Ca source. However, after d 14, birds fed 10.0 g of Ca/kg diets significantly reduced their intake of the separate Ca source, whereas birds fed 5.0 g/kg diets increased their intake of the separate source. This difference equates to birds from 5.0 g of Ca/kg groups consuming approximately 38 and 80% more of the separate Ca source during d 21 to 28 and d 28 to 35, respectively. This may suggest that birds from both Ca groups responded to the Ca concentration of the mixed ration with time and were able to discern the nutrient properties of the separate Ca source and adjust their intake accordingly.
The lag in time for birds to respond to the difference in Ca concentrations and adjust their intake accordingly may suggest that the Ca-specific appetite is not as immediate as for Na or lysine. This result is in contrast to those reported by Wilkinson et al. (2013) as well as Joshua and Mueller (1979) where no delay in the activation of the Ca-specific appetite was observed. However, in both of these earlier reports the experimental period commenced at 1 d old without a pre-experimental diet. In this study, birds were fed a commercial diet for the first 7 d of the experiment. Because the commercial diet was formulated to meet or exceed the nutrient requirements of the birds, this may have delayed the response to dietary Ca concentration. Alternatively, animals have been shown to ingest more Ca than what is required to satisfy Ca homeostasis allegedly for no other reason than it tastes good or perhaps due to an innate drive to consume hard particles (Tordoff, 2001) . It is possible that birds fed high Ca diets initially consumed the separate Ca source for this reason.
Laying hens are thought to be more adaptable than broilers to choice feeding regimens because broilers only have a short period of time to learn to make the appropriate choices (Forbes and Shariatmadari, 1994) . Generally, it is believed that broilers are able to adjust their Ca intake to meet their requirement. However, variability can occur between individual birds and their abilities to adapt to choice feeding regimens. Joshua and Mueller (1979) observed that not all birds that were fed a Ca-deficient diet consumed the separate source of Ca. Greater consistency resulted from group housing of birds; however, some still were not able to adapt to this feeding system. It remains possible that some individuals were not able to adapt to the feeding regimen. If the physiological mechanisms that mediate the Ca-specific appetite in broilers are less immediate, as broilers reach market weight faster and at a younger age, the ability of broilers to adapt to a separate Ca feeding regimen may be constrained. Further work is required to investigate this.
No effect of dietary Ca concentration was found on the AID of DM, CP, or energy. It is possible that, because birds from both Ca groups consumed more Ca than required in the mixed ration, the difference in formulated Ca concentrations was reduced and this blunted the effect of dietary Ca on digestibility metrics. There was no difference in nutrient digestibility between groups fed 2.5 to 4.5 g of nPP/kg, but in birds fed 5.5 g of nPP/kg diets, decreased AID of DM, CP, and energy were observed. Excess dietary Ca alone or together with P has been reported to reduce the digestibility of amino acids (Shafey and Mcdonald, 1991) , whereas Rama Rao et al. (1999) suggested that both high or low dietary P may adversely affect bird performance. It is possible that providing 5.5 g of nPP/kg to 35-d-old birds was in excess to their requirement and influenced the digestibility metrics accordingly.
The AID of P was improved with reduced dietary Ca concentration in the mixed ration and is in keeping with the work of Tamim and Angel (2003) and Tamim et al. (2004) . However, unlike most reported work, broilers in this study were fed Ca separately in addition to the Ca in the mixed ration. The apparent uplift in P digestibility in birds fed low Ca diets is similar to Wilkinson et al. (2013) where birds were fed diets varying in Ca concentration as well as had access to a separate source of Ca. During the final week of this study, preceding the day of digesta sampling, birds fed low Ca diets consumed 8.4 g of Ca/kg as a proportion of their total intake. Notably, this value is substantially greater than the 5.0 g of Ca/kg fed in the mixed ration. It is possible that the observed benefit to P digestibility in birds fed low Ca diets may be due to the temporal separation of Ca from the mixed ration, most notably phytate. Another possibility is that the Ca-specific appetite follows a circadian pattern similar to that of laying hens where Ca intake occurs predominantly in the afternoon (Henuk and Dingle, 2002) . However, no data were collected for this in this study and further investigation is required.
Tibia ash of broilers was increased by feeding high Ca diets and when diets with greater than 2.5 g of nPP/kg were fed. These results are broadly in keeping with Onyango et al. (2003) and Persia and Saylor (2006) who showed increased tibia ash percentage in broilers that were fed increasing concentrations of Ca and nPP. The results suggest that provided dietary nPP is adequate, birds fed low Ca concentrations are able to maintain bone mineralization through the consumption of a separate Ca source. Birds fed the 5.0 g of Ca/kg and 2.5 g of nPP/kg diet had the shortest standing time in the latency to lie procedure. The tibia ash values for this same group were numerically lower but did not reach significance. This result suggests that birds fed low Ca and low nPP diets had reduced mobility; however, the reason for this may be the result of another mechanism other than bone mineralization and warrants further investigation.
From the available literature, this is the first experiment to show that the Ca-specific appetite of broilers is influenced by both dietary Ca and nPP concentrations. Further research should focus on P and Ca retention in broilers to investigate whether any changes occur in the urinary output of Ca and P in response to feeding diets with different concentrations of nPP and a separate source of Ca. The application of this feeding regimen in commercial production also requires investigation.
